REMARKS 

Claims 1-87 were pending in this application prior to this Amendment. Claims 11,12, 
14, 15, 44, 59 and 84-87 are amended and claims 1-10, 21-43, 50, 62 and 75-82 have been 
canceled herein. Claims 88-130 are added herein. 

Applicant would like to thank the Examiner for allowing claims 52-58, 68-74 and 83. 
Applicant also wishes to thank the Examiner for indicating the allowable subject matter of claims 
16, 20, 50, 62, 63 and 65. As will be discussed below, the substance of each of these claims has 
been added to the now pending claims. 

The Examiner has objected to the Information Disclosure Statement filed on December 
1 1 , 2000, for not including legible copies of two papers. Applicant has enclosed additional 
copies of these papers for the Examiner's convenience. 

The Examiner has made numerous objections with respect to the drawings and the 
specification. Applicant has corrected each of these objections. Applicant respectfully submits 
that, to the best of Applicant's knowledge, the specification is now correct. 

The Examiner has objected to claims 1,11, 47, 75 and 87 for including informalities. For 
each of those claims that have not been canceled, these informalities have been corrected. 

Claims 84-87 have been rejected under the second paragraph of §1 12. These claims have 
been amended to correct their dependency. 

A number of the claims have been rejected in view of prior art. Each of these claims has 
either been cancelled herein, or amended to include subject matter of an allowable dependent 
claim. It is therefore respectfully submitted that each of the pending claims is now allowable. 

Claims 88-130 have been added herein. It is respectfully submitted that each of these 
claims depends from a claim that has been indicated as being allowable by the Examiner. As per 
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claim 100, this claim includes the limitations of originally filed claim 20 and each of its 
intervening base claims. No new matter has been added. 

In view of the above, Applicant respectfully requests that the present patent application be 
passed to issuance. No fee is believed due in connection with this filing. However, should one 
be deemed due, please charge Deposit Account No. 50-1065. 



October 22. 2003 



Date 



Slater & Matsil, L.L.P. 
17950 Preston Rd., Suite 1000 
Dallas, TX 75252-5793 
Tel.: 972-732-1001 
Fax: 972-732-9218 



Respectfully submitted, 





IraS. Matsil 

Attorney for Applicants 

Reg. No. 35,272 
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10. oa 



Abaract—m discuss critical aspects of imaging system design 
and describe several different imaging systems employing focal 
plane array receivers operating in the 3mm -2mm wavelength 
range. Recent p gress in millimeter-wavelength optics, antennas 
receivers and otner components permits greatly enhanced system 
— pexfonaance ia a. ..idde-xaDge -.of applications. We discuss a 
radiometric camera for all-weather autonomous aircraft landinz 
capability and a Ugh sensitivity cryogenically cooled array for 
If* '»-A ra ?° as i ronomical spectroscopy. A near-focus system for 
identification of plastic materials concealed underneath clothing 
employs a two element lens, and has been demonstrated in activt 
(transmitting) and passive (radiometric) modes. A dual mode 
imaging system for plasma diagnostics utilizes both active and 
passive modes at its -140 GHz operating frequency to study 
^all-scale structure. The radiometric imaging systems employ 
between 15 and 256 Schottky barrier diode mixers while the 
unagmg receivers for the active systems include 64 element video 
detector arrays. 



I. Introduction 

IMAGING can be considered to be the process of measuring 
the radiation arriving from different directions. Our experi- 
ence with imaging derives most directly from our experience 
with the eye, an optical system employing an array of inde- 
pendent detector elements in the focal surface of an imaging 
lens. A focal plane imaging array is only one architecture 
for imagmg systems. Obtaining an image of a scene can be 
earned out in many different ways, several of which are shown 
schematically in Fig. 1. It is possible to build up an image of 
a scene by scanning a single pixel receiver, either by moving 
a detector in the focal plane of an antenna or mechanically 
or electrically scanning the beam direction of the system This 
technique, while slow and cumbersome, has been the only one 
available at many wavelengths until very recently. Another 
type of imaging system is the phased array, in which the 
signals from a number of independent radiating elements can 
be processed in order to synthesize beams which effectively 
are sensitive to radiation arriving from different directions. A 
close relative is the interferometric array widely used in radio 
astronomy, in which the signals from different antennas are 
correlated and an image obtained by carrying out an off-line 
Fourier transformation of the data. 
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The millimeter wave region has several important adx, 
tages in terms of system design, but these very murh denT 
on the precise application. In a general sense, mUlinW" 
wavelength propagation is superior to that found in the infra^ 
-and visible speetral ranges nnworwe^rc^<mron~S" 
is thus preferable for systems that must operate independen: 
of environmental conditions. Millimeter wavelengths dean 
offer better angular resolution for a given antenna diametr 
than do microwaves, and thus have a great potential advantae- 
particularly for commercial systems which must fit imo ~rc 
stneted envelopes. The particular properties of the interac.ia- 
of millimeter wavelength energy with materials can ofiV 
advantages for certain applications, such as remote sensing 
of trace gases, and this has been used to very great effec 
recently in studies of the Earth's atmosphere [1]. 

The millimeter wavelength region of the electromagnet 
spectrum is situated between microwave frequencies, in which 
range coherent signal processing techniques are well devel- 
oped, and the infrared region, in which incoherent technoloev 
has predominated. It is indicative of the position of uV 
technological frontier to compare the lack of imaging arrays r 
millimeter wavelengths with infrared cameras which ahead* 
employ focal plane arrays with thousands of elements [2], and 
highly sophisticated microwave phased array systems [3]. 

Phased arrays have, however, been limited in their succevs 
at millimeter wavelengths due to difficulties designing efficient 
radiating elements as well as relatively large feed system loss 
Interferometers have been restricted to research application 
as a consequence of their cost and complexity. Mechanically- 
scanned systems have been employed for different imagine 
applications in the millimeter range, but suffer the very ma- 
jor handicaps of expensive, relatively unreliable mechanical 
systems together with low data rate from the single receive* 
utilized. Focal plane arrays have to date been little developed 
due to problems with developing an effective type of feed for 
coupling between free space and single mode detectors, * 
well as. the significant issues of cost and complexity inheren: 
m systems employing large numbers of pixels. 

Extensive work during the last decade or so on overcominc 
these problems has resulted in much improved feed element 
for focal plane imaging systems, and the potential for ven 
low cost individual radiometers to use in large scale focal 
plane arrays. As a result of these developments, we hau 
adopted focal plane array technology as our design approach 
for imaging systems in the 2 mm to 3 mm wavelength ranee 
In this paper we indicate some of the design consideration* 
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Schematic of different types of imaging systems (a) mechan- 
•scanned single element; (b) focal plane array; (c) multielement 
ometer; (d) phased array. 



are of critical importance in the development of systems 
mmercial and research applications. We describe four 
nt systems and present some images that have been 
ed to indicate the degree to which this technology has 
d. 



II. General Considerations for Imaging 
Sysyem Sensitivity 

relatively low intensity of thermal emission makes sen- 
" an important concern for passive radiometric systems, 



while its importance for active systems is very much dependent 
on the configuration. The basic radiometric equation for the 
rms uncertainty of the scene temperature that can be measured 
with a coherent detector system (heterodyne or amplifier) is 



AT rms = PeT 3 /[6f • r] 



0.5 



(1) 



where /3 is a factor,- generally between 1 and 2, which 
depends on the type of radiometer and how the measurement is 
performed; e is the coupling efficiency between the radiometer 
and the scene being measured, which includes both antenna- 
source coupling effects and losses in the input optical system; 
T s is the system noise temperature; 6f is the predetection 
bandwidth; and r is the integration time. All types of systems 
benefit from efficient coupling and low noise temperature. 
Systems which are measuring thermal sources can use a 
relatively large bandwidth to minimize AT. Active systems for 
which the signal is dominated by the return of a transmitted 
signal are better characterized by their minimum detectable 
power, given by 



AP rms = kT rms 6f = f3ekT rms {6f/r] 



0.5 



(2) 



where k is Boltzmann's constant. We see that the minimum 
detectable power increases as the bandwidth is increased, so 
that in this case, we want the bandwidth to be large enough 
only to allow the return signal to be processed. If the signal 
is sufficiently strong, it can be directly detected without any 
RF processing. In such video detector systems the sensitivity 
is set by noise fluctuations in the detector element and the 
predetection bandwidth is generally not a critical parameter. 

The sensitivity limits set by the radiometer equation given 
above, or by. video detector sensitivity, are lower limits. A 
variety of effects can degrade performance, including both 
instabilities in the radiometer and characteristics of the scene 
being imaged. Gain instabilities are well known to radiometer 
designers and can be countered by employing a rapid calibra- 
tion cycle or switching between the scene and a comparison 
load (Dicke switching). Single-pixel imaging systems have 
relied on mechanical scanning of the beam across the scene 
[4], with calibration performed by looking at thermal loads 
[5] or by weak coupling of a noise source [6]. For an 
imaging system with many pixels, a quasioptical input switch 
is essential for load switching as well as for calibration. 
The Autonomous Aircraft Landing System discussed below 
employed a mechanical quasioptical switch, but development 
of an electronic replacement using PIN diodes has already 
yielded extremely promising results [7]. 

In some situations, small-scale variations of the scene tem- 
perature which are not of interest set an effective lower limit 
to the useful sensitivity for studying variations in the scene. 
As an example,, the scenes studied in [6] were characterized 
by a "clutter^ of 2-3 K. With RF/IF bandwidths of several 
GHz which are now feasible, the noise temperature required 
to have a radiometric AT comparable to or less than this 
value is quite reasonable, being 10 4 K for St - 3 GHz and 
r — 1/30 second. \ 
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Efficiency, Packing, and Cost 
of array Feed Elements 

These considerations are central to the successful imple- 
mentation of asy focal plane £ 

nave been th* Subject of vwy deve , 0 d 

co^ITr i ? kdi,i0Dal rCCtangular hora ^«ts have been 
compared [U| iind developed in monolithic form [121 A 
vanety of diffe fent types of travelling wave slot anteini 

slo* rSl ' JIT** Md StUdied includin 8 width 
SIS? -^f^y ta P e "* ^ots [14]. Other types of feed 

doub,e d r ,e (15] ' Yagi [16] a - d dielectric 

1) efficient, tifcmmation of antemra 

2) low loss 

3) effective ^ pling tQ actiye devices 

4) good paeiaag efficiency. 

r^tni? 100 * 1^ ,ieS Such 35 ^ Polarization purity and 
reasonable an^ divergence en(J £ J 

Ze f n PPbCa ^ 'ow cost is. a factor thaTmusTb" 
oome in mind fj&tiaUariy for commercial applications 

.ostf, 16 ^ 8 m*^ Ulumination ^ciency demands low side- 

ItZ ^ Which have been Problems for 

antennas on sub^. ^ „ one of ^ mQ J 0 

the use of lens-cptt pled pi in*6 circuit antennas, which exploit 
Ae tendency to ntd Sate ^ me dielectrfc ^ P 
collimation of the lbea m by the dielectric lens [18]. Low loss 

■5» cZL^ * d e,ements emp,oyin s mate ^ 

For commercial sy %tems operatin at ambient t 

f wWch theS SCVere tha ° f ° r r3di0 aStr0nora ^ *ys«™ 
wh^ t Hv ClementS 316 ^ 10 low temperature, 
2f H-Tf • T* 0 " thdr 3dded noise « we » 35 «*"cing 

S^^Sf Most types of p,anar - c,udin ' 

travelling wave and di , e „ « 
to active device, either mixers Qr * ^ 

oXy 7^. problem for dieLric rod - - ■ 

ST** <8f |,aCkiD8 efficienc y is 30 mte «*ting °°e> as 

Se a^avs 8 3**°™ % deVel °P ment of effec ** ^ 
plane arrays. astronomical systems observe essentially 

T anZa n to S< S" S "* an ^ * 

Ae antenna to. ®g ^ fa me focal ne £ J 

iLfi^ 'l' ^"P 1 * ^ed. However, it is generally 
^efficient to ha«% t me array elements too widely separated" 

oT e w :%S" aS ^ not be ^ «*»di Spared 
thus „^ Prm arra * on the a "< "ray elements are 

reouL I- ^ e UpdatiDg of ,he radiometric image is 
equired mmimu^ %lemem , j ^ ^ 

The ability to ^ ima m ^ 

Si?^^ to pr r uiuminaL - £ 

virt„ a i f-lT- J o feed elemen <- We assume that an indi- 

l * "^J** 6aCh P" el - * il is an aperture-type feed 

(e.g. horn) then it h ias a characteristic lateral size to produce the 



illumination pattern appropriate to the antenna focal 
close-packed array of such horns cannot fully sa mp | e ,h "," V 
plane because ,he electric field distribution within the h 
generally quite upered in order to achieve a radiation " 
with low sidelobes. For scalar feedhorns, for example , 
packing of the horns produces only approximately even r 
beamwidth sampling of the focal plane [10]. Reducing th 
of the feed horns results in a broader beam and miclvred "* 
antenna efficiency. For traveUing wave antennas which oV^ 
their gain in part from their length, the situation is m 
complex, but placing the elements too close together re^ 
in interaction via fields and/or currents extending awav f f 
the feed elements themselves. In ar experimental study' i, 
found that a 1A spacing of feeds appropriate for a f./D = ] 

^lT m Q .'" a ' t " bo "! the mLnimum that Bave-acceptable rci; U h; 
117]. Smce the distance in the focal plane corresponding i, 
one beamwidth is Ax = f\/D, this corresponds to abo'ui i 
beamwidth spacing. 

From a more general viewpoint, full sampling of the foca> 
plane for incoherent illumination of the scene and measure 
ment of the intensity in the focal plane requires an elemcn- 
spacing Ax = 1/2 • (f\/D) [19]; in f/D = 1 system u ( 
thus require an element spacing not much greater than A" 
This is far closer to the limiting spacing found theoreiicalK 
for a vanety of feed elements [20]. These authors found thai 
the aperture efficiency for an antenna with slot element feeds 
for example, is £0.5 for Ai S 1.15A in a f/D = 1 system' 
For a corrugated feedhorn, by contrast, the aperture efficienc) 
has dropped to 0,17 for a spacing just slightly less than this, in 
the focal plane arrays described below, the constant width slo- 
antennas used with f /D = 1.1 optics are generally spaced In 
1.35A, which is about as close as possible without excessivi- 
interaction between elements. These systems, while achievins 
good illumination efficiencies, are clearly far from the desired 
spacing for full sampling, and from the theoretical limit fur 
reasonable overall system efficiency [21]. 



rv. Imaging Ability of Focusing Systems 
Analysis of the variation of performance of lens and reflec- 
tor antennas is a major branch of electromagnetics and has 
interesting parallels and differences from imaging in optical 
systems at visible wavelengths. Although work on scanning 
systems started even earlier, the now classic papers on imaging 
properties of reflectors [22] and lenses [23] have burgeoned 
into a literature so vast that is not possible even to summarize 
the results, but rather only to give a sampling of refer- 
ences [24]. 

The issue has, in fact, become rather more acute with recent 
progress in focal plane array technology— the problem has 
shifted from one only of academic interest, to a critical aspeci 
of developing practical array systems. The critical parameters 
include maintaining antenna gain, beam size, and beam qualiiy 
over the range of angles scanned; achieving these goals is 
made difficult by a combination of factors including the 
following: 
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1) Focal plane arr^ s with «10 4 pixels are being seriously 
considered, with the ^sult that scan angles wl 00 beam widths 
off boresight must ^ considered, 

2) System aperture diameters are relatively small, typically 
only a few hundred Wavelengths for commercial systems, and 
often less. Blockage: Joss for symmetric reflector systems of 
such limited size is pherally excessive. 

3) The limited v^ me available restricts f/D for lens 
systems to values— < ; 1,25, which seriously restricts imaging 
capability. For this $&fa e reason, off-axis optical systems are 
generally not accep&fetfe. 

Meeting the requfr&fcents in the face of these restrictions 
often a very dir$i§uJt challenge. While it is true that there 
,. u ve been no mic;f§N#a ve or millimeter focal plane array 
systems with the nujfok er 0 f pixels approaching 10 4 actually 
implemented, sevep%\ §f tne systems discussed below have 
^ ,been designed to b% Extended to this level, and the imaging 
m properties of the optfeaji systems analyzed accordingly. Imag- 
ing lens design studio have primarily been based on analytical 
treatments, which try ^ eliminate certain classes of phase error 
in the aperture plan?, Which are called aberrations. However, 
the resulting systems not fully optimized for practical use, 
given that arrays are; Modular and the locations of individual 
feed elements cannot exactly follow a specified focal curve. 

Thus it is often nec*e SSar y to resort to simulations rather 
than analysis. FulKsca] e diffraction calculations would be 
excessively time consu: m i ngj so that a hybrid approach that 
uses Gaussian beam propagation between feeds and optical 
elements, ray tracing through the lens systems, and finally 
a single diffraction calculation of propagation to the far- 
field or to a spec^^i plane where the properties of the 
Nram can be exami^ is very attractive [25], [26]. With the 
er-increasing carja^Igty of affordable computers, it should 
«oon be possible Connect this type of imaging analysis 
program with an ogft&ftj z ing function to obtain best imaging 
performance over %gs& e fixed scan range with appropriate 
constraints on feed ^lgg&iions. This capability, already available 
fnr geometrical qpt&% Systems with analysis based purely on 
fay tracing, should ^lificantly enhance the design capability 
fc>r diffraction-lim.it^| imaging systems. 



v -. ^?her Considerations 

Other considerate^ i n t h e design of imaging focal plane 
'"ays, which are le§& fundamental than those discussed above 
P are ncverthelessj ^portant, are power dissipation and cost. 

vcn with the currei^^ariy statc 0 f the development of focal 
Plane arrays, it is not*^ early for these issues to be addressed, 
*jf*cially when extrj^anng t0 i arger systems. The basic ar- * 
) " CClure and g eom *e% of the focal plane array are intimately. 

to these questiorns. For example, while purely planar (e.g. 
^^dside radiating), arrays may be desirable from the point 
ptohP ° f Cntirely monolithic fabrication, they suffer from 
>^ cms of inadequate space for complete IF circuits, and 
• ^nuaiiy f rom difr^ cu | t i es i n thermal dissipation. We have 



(as discussed below). The full three-dimensional geometry is, 
in fact, extremely important in making a system which not 
only can contain the required components, but which can be 
assembled and serviced effectively. 

Power dissipation is already a non-negligible issue for exist- 
ing arrays. The ambient temperature heterodyne systems dis- 
cussed below for radiometric imaging consume approximately 
200 mW per pixel for the IF amplifiers, or approximately 
51 W_. of ..power for the 256 element array. Even with the 
relatively large volume available, dealing with this thermal 
dissipation is a serious issue. Millimeter wavelength transistor 
amplifiers are currently undergoing rapid development and 
are receiving consideration for imaging arrays [27], [28]. 
These components, while very attractive in terms of low noise 
performance, are presently problematic in regard to power 
consumption. A 91-95 GHz amplifier employing 8 stages to 
achieve the 50 dB gain necessary for direct detection dissipates 
560 mW, or almost three times more than the heterodyne 
system [29]. Clearly, further progress will be required to make. 
RF amplifier systems usable in large-scale integrated arrays 
and further reduction of power consumption of mixer-based 
systems is definitely desirable. 

Cost is always an issue in systems for commercial appli- 
cations, but in particular for focal plane arrays with large 
quantities of millimeter-wavelength circuitry, a small change 
in the cost per pixel can translate into an impressively large 
variation in the total cost of a system. Again, technology is 
changing rapidly, but we have found the use of circuit cards 
fabricated on "soft" dielectric materials with bonding of dis- 
crete and hybrid components to be reliable and cost effective. 
Radio astronomical and other research-oriented systems with 
relatively fewer high performing pixels will probably continue 
to employ waveguide and rigid substrate technology to achieve 
lowest loss and system noise. 

VI. Description of Some Specific Systems and Results 

In the following we describe a number of millimeter- 
wavelength imaging systems developed for a variety of ap- 
plications. Along with basic parameters of the systems, we 
present some imaging results that have been obtained. 

A. 140 GHz Plasma Imaging Camera 

Diagnostics of conditions in the ionized gas component of a 
Tokamak fusion reactor is vital for improving the containment 
of the plasma and understanding energy loss processes. The 
camera described in this section was designed to determine 
from a single "event" or ignition whether small scale fluctuat- 
ing plasma modes in the interior of the plasma are responsible 
for plasma transport. Test bed plasma fusion reactors to 
date have been pulsed systems, with measurements being 
carried out at a few discrete locations. Although this approach 
has adequate time resolution, it lacks the spatial resolution 
necessary to identify the modes which fluctuate over periods 
of tens to hundreds of microseconds and have scale lengths 
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Fig. 2. Photograph of 140 GHz dual mode plasma imaging camera. The 
transmitter feedhorn is at the lower left, and above it is the 90° reflector to 
couple its beam to the scene. The focal plane array, local oscillator injection 
feed, and diplexer, are on the right. 



Millimeter wavelength radiation can play several valuable 
roles in plasma diagnostics. The intensity of emitted radia- 
tion allows determination of the plasma temperature, while 
the reflected signal can yield information about the density 
structure in the ionized gas [30]. A dual mode plasma imaging 
camera has been developed for the Princeton Plasma Physics 
Laboratory to take advantage of both of these capabilities, 
with an emphasis on studying small-scale fluctuating plasma 
modes. The imaging system, shown in Fig. 2, includes a 4 
by 16 element focal plane array operating at 140 GHz. This 
frequency is dictated by the properties of the plasma in the 
Tokamak Fusion Test Reactor. 

The feed elements are constant-width slot antennas, and 
the down converters are second harmonic mixers pumped by 
a phase locked 70 GHz Gunn oscillator. In its radiometric 
mode, a 2 GHz bandwidth IF is amplified and detected. For 
reflectometry, a 30 mW transmitter at approximately 140 GHz 
iUuminates an area of the plasma about 30 cm uf diameter. 
Each beam from the focal plane array is focused by the 1 m 
diameter lens to an area about 1.5 cm diameter at the plasma, 
which is approximately 2 m away from the camera. The return 
signal is processed to obtain in-phase and quadrature signals 
from which the phase of the reflected signal can be obtained. 

B. Detection of Concealed Weapons and Explosives 

In recent years the ability to detect plastic weapons and 
explosives concealed beneath the clothing of airline passen- 
gers has received increasing interest by law enforcement and 
iecurity agencies. To be effective, such detection devices must 
L) have a low false alarm rate, 2) be non-invasive, and 3) 
lave high throughput. Both active (reflecting) and passive 
radiometric) millimeter wavelength' imaging systems have 
>een investigated for these purposes. Frequencies between 30 
ind 300 GHz provide a number of advantages including 1) 
ow absorption by most dry dielectric materials, 2) moderately 
ugh spatial resolution, and 3) good imaging capability via 
ompact optics. 



Measurements of a number of materials at 95 GHili 
Table I) have shown that substances such as polycarbbnl 
polypropylene, rexolite and black delrin have reflectivitie 
the range -8 to -12 db. The reflectivity of various portion 
the human body range from -11 db (calf) to -15 db (jpu 
Furthermore, a wide variety of tested clothing items 
reflectivities in the range of -15 to -25 db with transiu 
losses of. less . than . 0.5 db. It appears, then,, that diele 
materials of interest have reflectivities 2 to 4 times thL 
human , skin, while clothing provides little in the wa$l 
absorption or extended reflectivity. I 
With imaging spot size being proportional to the product! 
the imaging lens f/D ratio and the wavelength of operatic 
is clear that improved resolution can be obtained by oper 
at higher frequencies. However, at submillimeter and sL 
wavelengths, materials are too lossy and the technolog]|| 
cost-effective imaging systems is not available. At long 
(microwave) wavelengths, the technology is well develop 
but the spatial resolution is inadequate. If the system opticsj 
designed such that f/D is approximately 1, then a waveien. 
of 3 mm gives a spot size adequate for the recognition"! 
potentially harmful hidden plastic objects. To achieve 
throughput of subjects, an array of detectors sampled at 
rates (30 Hz) is an attractive approach. The necessary 
must be capable of a large field of view (e.g. +./-30 dee 
with diffraction-limited performance. 

Reflective imaging makes use of a relatively intense ;■_ 
limeter wave source to iiluminate the subject. Higher refl 
tivity portions of the subject result in a higher output fromll 
system. An extended array of slot antennas can then pre " 
a video image or a smaller array can be mechanically 
about the subject (albeit at the cost of reduced throug 
The major problem with this approach is the presenc 
"glints" in the millimeter wave image due to reflections ofl 
iUumination sources from boundaries in the subject's clot] 
This effect is well known from active millimeter-wavele 
imaging of tactical targets [31]. 

Investigation is proceeding on two approaches to sojk 
this problem: 1) using, a number of lower level sou 
ifluminate the subject from a wide range of angles, 
investigating the behavior of a subject rotating in the fidfl 
view of the imaging device. It appears that the "gl^m 
highly dependent on the source-subject-detector geometry! 
change rapidly as this geometry varies, whereas reflecT 
from real objects have longer duration. 

To study the performance of concealed object de 
systems, a mannequin was covered with a millimeter^ 
absorptive material that approximates the absorption d 
teristics of human skin. The mannequin was then clotlib 
objects concealed on the torso. A 64 element focal plaMg 
imaging array was used, employing endfire slot antes 
of which was coupled to a detector diode. The iUur 
source produces levels of radiation well below current^ 
thresholds. It consists of a number of Gunn oscillators^ 
are frequency-modulated over a few hundred MH^| 
and also amplitude-modulated. An appropriate sync 1 " - 
detector circuit at the output of the slot antennas 
the reflected return into a dc voltage. The imaging 
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TABLE I 

Clothing, Materials, and Human Skin Measurements 



Sample 

£thing Item Measured at 95 GHz 
flannel Shirt 
feplyestor. Blazer 
tool Suit „ 
btton Sweater 
|rry Cloth 
lotton Muslin 

uthetic Blouse 
Nylon Shell 
"ordurby 
atton Shirt (Dry) 
jotton Shirt (Wet) 

jtlectric Material Measured at 95 GHz 
joly carbonate 
polypropylene 
sxolite 

jeramic (ATD 6) 
Sack Delrin (Front Knurled) 
nan Skin Reflectivity 90-100 GHz 1 



Back of Hand 
jowl 
hest 

Average 



Thickness 
(mm) 



0.5 
1.2 
1.4 
2.1 
1.0 
0.5 
0.1 
0.1 
0.6 
0.2 
0.2 

5.5 
lis 
7.7 
2.6 
13.0 



(Mean, Range dB 2 ) 
-11.3 ± 1.5 
-8.4 ± 2.2 
-13.4 ± 5.2 
-11.5 ±3.3 
-15.0 
—8 8 

-11.4 ± 4.4 dB 



Reflectivity 
(dB) 



-18 
-15 
-13 
-30 
-22 
-13 
-24 
-23 
-16 
-18 
-14 

-8.5 

-8.8 

-10.7 

-4.5 

-12.0 

Reflectivity 



(Mean, Percent) 
7.4 
14.5 
4.6 
7.1 
3.2 
13.2 

7.2 Percent 



Transmission 
:Loss 
( dB) 

-0.3 
-1.0 
"-0.8 
-0.7 
-0.3 
-0.7 
-.0.04 
-0.1 
-0.4 
-0.3 
-1.0 

-1.8 
-0.8 
-1.6 
-3.0 
-3.5 



ferS^^-^o^ri rfLividuals .neasured except in cases fo, which no Range is given, where oniy one individua. 

gimeasured 



st of a pair of plano-convex lenses with curved surfaces 
1 together, as shown in Fig. 3. The optics are designed to 

* j the field of view over which a uniform focused spot 

ould be obtained. Hie detector-lens distance is 30 cm, 
|e distance between the lens and the focused spot with a 
|adius of 0.55 cm is 60 cm. The initial optics design was 
i out using standard Gaussian beam design neglecting 
ation, and treating the focusing elements as a thin lens 
efinement of the design, emphasizing maintaining the 
yaist radius at the subject, was carried out by using 
ixode discussed above [25]. 

§64 element imaging system was integrated with an 
positioner to allow for extended image scanning 
main torso of the mannequin. In combination with 
|ter-controlled video equipment and rotational platform, 
nations were made to show how the output of an 
J (48 pixel by 48 pixel) imaging device might appear. 
|:video animations consisted of 360 individual static 
tof a 48 cm by 48 cm portion of the mannequin, 
aage taken with the mannequin in a slightly different 
bon with respect to the camera, these static computer 
liwere overlaid upon the output of a video camera to 
|;.a short video sequence. Fig. 4 shows a still image 
pical animation. The results of the study indicated that 
i imaging of a moving subject to locate hidden plastic 
quite effective and greatly reduces the confusion 
ed with the glints seen in static images. 



SUBJECT 




TWO ELEMENT • . fnrAl"^PLANE 
IMAGING LENS ™CAL PLANE 



- GUNN 
OSCILLATOR 
.LIGHTS 




I MOOULATOR \ 



U DETECTOR jO 



Fig. 3. Schematic diagram of active mode (reflective) contraband detection 

system. 



Radiometric imaging in this context makes use of the 
thermal emission of the subject and reflected thermal signals 
from the background. The definition of emissivity, being the 
complement of reflectivity, implies that a highly reflective 
target has low emissivity. Thus a radiometric imager sees 
less of a highly reflective object and more of the background 
emission. The radiometric detectors receive contributions from 
the background, the subject and its coverings, and any hidden 
objects. Reflective objects, having a lower emissivity, would 
appear cold relative to the body's higher temperature. An 
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Fig. 4. Image of mannequin with concealed weapon , under shirt obtained 
with active (reflective) imaging system. The 94 GHz . image is superimposed 
on a visual image obtained with a television camera. 



§gSp/. 



Fig. 5. Radiometric image of male subject carrying concealed weapons 
under ciothing. The upper weapon is a metal gun, while the lower one is 
a primarily plastic device. Darker areas correspond to regions of increased 
emission. 



example of a radiometric image of a subject carrying two 
concealed weapons is shown in Fig. 5. 

The drawbacks to the radiometric approach are 1) require- 
ment for the high sensitivity necessary to detect natural thermal 



emission at millimeter wavelengths, 2) the relatively nr 
complex detector hardware, and 3) the concurrent relative 
high cost. . However, freedom from glints and the absent 
of any even low-level "source" illuminating the subject " 
significant advantages. 

In summary, millimeter wave sensing provides an effectiy 
method of detecting dielectric objects concealed beneath clo 
ing on human bodies. Imaging using multiple element dete 
. or mixer arrays in the focal plane of the imaging optics- 
give real-time pictures of objects with a resolution of sev 
millimeters. Both active and passive approaches are success? 
with the active approach offering lower cost but at the expe~ 
of greater signal processing demands. 

VII. Autonomous Aircraft Landing System 
Qirrent auto-pilot landing systems have not received wide; 
spread popularity because of their high cost, complexity, and^ 
■ limited flexibility. Millimeter focal plane array, or staring array^ 
technology can be applied to develop an autonomous aircnT 
landing system which provides the pilot with forward-lookin 
millimeter wave vision for landing and takeoff under advers* 
weather conditions. The system is self-contained and does ir 
need any ground-based supporting facilities. Compared wiffi 
the active radar scanned images, passive radiometric imag; 
are very similar to the visual or IR images due to lack of radar 
clutter, back scattering or geometrical distortion. ^ 
A passive 94 GHz staring image array system, which has;' 
been developed to demonstrate the feasibility of this technical^ 
approach, is shown in Fig. 6. The array has 64 elements mj 
8x8 arrangement. The system block diagram is shown in 
Fig. 7. The 8 x S array offers a field-of-view of 2.9 degree^ 
by 2.9 degrees with a 61 cm diameter Gaussian optics zoned*, 
lens which has an angular resolution of less than 0.35 degrees^ 
The far-field spacing of the beams is £1.05 FWHM beaig 
width. The Load Comparison and Image Scanning (LCIS) sub^ 
assembly provides radiometric calibration and over-sampli 
capability to further enhance the system resolution. The w 
grid polarizer assures proper polarization to the LCIS subs 
tem. The perforated highpass filter is integrated with an c 
shielding enclosure to suppress radiation. 

The basic building block for the focal plane arrays is; 
FPA card, which includes eight radiometer pixel chann". 
Each pixel channel has an endfire slot antenna, mixer^ 
amplifiers, and video processing circuitry. The RF si_ 
(from the scene) and the local oscillator are quasioptic^ 
injected to the array by the diplexer. The radiometer p ^ 
noise temperature is 4000 K (DSB) corresponding to a nq 
figure of 11.6 dB, including the losses of diplexer and high. ^ 
filter. Eight such FPA cards are stacked together to make. 
8x8 array as shown in Fig. 8. . t - 
The 8 x 8 array can be used as a "subarray" or as 
starting point to construct larger arrays. The 8 x 8 subarray., 
a physical size of 3.5 x 3.55 x 13.0 cm and power dissip" 
of 22 watts, of which 13 watts is from the IF amp^ 
and the remainder is contributed by the video ampUfie^ 
multiplexer circuits. The focal plane array with this le^ 
power dissipation can be cooled by forced air. 
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> t viiiiivwinn™ 64mxel 94 GHz radiometric imaging system with 
fern' diaSr Tned £TtL complete system includes the front-end and 
3 to eS"e power supply, and control and display computer. 
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DSP- 56001 


oat* umc 


I ICICRO- 
—\ CONTROLLER 




386/33 PC 
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k'j. System 



MOTHERBOARD 



block diagram of 8 x 8 pixel 94 GHz focal plane imaging 

system. 




Holograph of eight cards each with 1 x 8 element array foraung a 
E£ Ly On the top card, the endfire slot antennas are on 
l Sde " Hielectric substrate at the left, the IF ampuners are 
. the middle, and the video amplifiers and processing circuitry are 



Nodular approach to focal plane array design allows 
forward extension to larger arrays. A 16 x 16 array as 
h Fig 9 is based on this approach. Subharmonically- 
xers were incorporated in this refined 16 x 16 array. 



Fig. 9. Photograph of 16 x 16 J^^^ffJtfSE" 

The L.O./signal diplexer has been removed. 

The noise performance of the 16 x 16 array is 5800 K (DSB)or 
13 1 dB including the losses of diplexer and highpass filter: In 
even larger arrays, where the properties of the optical system 
^e L the Lectors not line in a plane, the 8 x 8 modules 
can easily by configured to conform to the required curved 

^i^mparison between visual, 94 GHz passive scanned 
images of a scene at the Turner's Falls Airport Massachusetts 
Tshown in Fig. 10. Fig. 11 shows a 48 x 48 pixel image 
which was obtained by stepping the 8 x 8 array in azimuth 
and elevation. The data update rate from the subarray yielded 
a new 64 pixel image 30 times per second. The value of image 
processing, and also the good correspondence with visual 
Laging, are clearly shown here. Atmospheric attenuation over 
the few km distance of importance in this application does 
not result in a significant degradation except during extremely 
heavy rainfall. With their relatively high data rate, simplicity, 
and comprehensibUity of output, combined with sensitivity 
and field of view, it is evident that mmmieter-waveleng& 
focal plane array imaging systems have major potential for 
autonomous all-weather landing system applications, 

VIII. Radio astronomical Spectral 
Line Imaging System 

The most important feature of an imaging system is that 
it reduces the time required for study of spatially-extended 
objects, and can allow projects to be undert ^hat would 
be quite unfeasible with a single pixel system. The increase 
in data rate provided by a multi-element receiver is especMy 
important when the system noise temperature of ^ indmdua 
receivers is comparable to the emission from &e E^th s 
atmosphere, because when this point has been cached further 
improvements in receiver noise temperature do not yield 
significant improvements in overall system sensitivity. 

This is largely the situation . at millimeter wavelengths, due 
to the appreciable atmospheric opacity (particularly at some 
itronomically important frequencies such as that of the carbon 
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_ . 48 Pbcel by 48 Pixel Imaoe 

Taxiway at Turner's Falls Airport (Turner's FVte Mas**,* 

March 23/1990 """ehusetts, 



Unprocessed Processed 



(b) 



Fig 10. Images of runway at Turner's Falls Airport with airplane (a) left 
hand panel ,s a visual image; (b) right hand panel is 94 GHz radiometric 
image. Note that horizon is clearly visible, and that airplane appears "double- 
due to high reflectivity of runway. 

monoxide J = 1 - 0 transition at 115.3 GHz), combined with 
the remarkably low receiver noise temperatures that have been 
obtained with cooled Schottky [33] and superconducting [34] 
mixer systems. In some situations, such as studying moderately 
small sources, the packing density of detector elements in 
the focal plane is an important consideration and tradeoffs 
similar to those discussed above must be made in choosing the 
type of feed element. As- discussed in [10], most operational 
radio astronomical imaging arrays employ scalar feedhoms, 
but current efforts are to a significant degree focusing on other 
types of feed elements. 

A 15 element focal plane array for astronomical spec- 
troscopy in. the 85 to 115 GHz region has already been 
described in some detail [35], but some of its key fea- 
tures are relevant to the themes developed in this paper. 
In order to maximize sensitivity, not only the mixers and 
IF amplifiers axe cooled to 20 K, but considerable use is 
made of cryogenic quasioptical techniques. Thus, the feeds, 




Runway Light 
Box 



People 
Reflection 



w ftV* 94 ^ SCCne 31 airp ° rt (3) un P roce ^d image n»Jc 

from 8 x 8 mosaic of 64 pixel images with 1 pixel overlap at edges; (b) im« r 
processed by median smoothing and histogram equalization; (c) pmcnM 
image with overlay indicating major visible features. 



imaging optics, single sideband filter (a novel design which 
functions for all 15 beams [36]), and image termination arc 
also cooled. The system uses scalar feedhoms, but with the 
corrugations removed to form four flat areas which permits a 
25% reduction in spacing (including the thickness of the walk 
and corrugations). The final feedhorn diameter corresponds lo 
a spacing of 2 half-power beamwidths at 105 GHz. To further 
improve the sampling in the image plane the polarization 
direction of the beams of the 2x3 subarray are rotated bv 
90° relative to that of the 3 x 3 subarray, and then interleaved 
by means of a wire grid polarization diplexer. The resulting 
footprint of the array has beams with single beamwidth spacing 
in one direction by every other beamwidth spacing in the 
orthogonal direction. The footprint of the array beams on the 
sky is shown in Fig. 12. 

Effective utilization of an astronomical focal plane arra\ 
requires (as do other array systems) extensive software for 
dealing with the data in the form of images. In the case of 
spectral line data, the actual data product is a "data cube" with 
an image having two spatial and one frequency dimension. 
Tracing the structure of molecular clouds in the interstellar 
medium of the Galaxy with such an array is enormously 
facilitated by using the kinematic information which reflects 
the relative motion of different parts of these objects. With 
the 15 element QUARRY array on the Five College Radio 
Astronomy Observatory 14 m millimeter telescope located in 
the Quabbin watershed (whence the acronym), the resulting 
angular resolution is 45" at a frequency of 115 GHz. We show 
in Fig. 13 an image of the Monoceros R2 cloud (distance 
2600 light years) obtained by Dr. Taoling Xie, which contains 
approximately 167,000 spectra. This data is restricted to a 
narrow velocity range of 0.65 km/s, in which the sharp 
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Fig. 12. Contour map i5 beams from QUARRY focal plane array on 
FCRAO 14 m telescope ffl&asured using Jupiter at a frequency of 1 10 GHz. 
The beams overlap at the 0.5 (-3 dB) level in the X direction where 
polarization interleaving has been employed. 




% 13. Map of gian* molecular cloud Monoceros R2 made with the 
QUARRY array system on FCRAO 14 m antenna. The emission is from 
"CO in a velocity range U65 km/s wide centered on a velocity.of the source 
°f M 18 'km/s. The vertical coordinate is declination (degrees and minutes 
of arc) and the horizontal coordinate is Right Ascension (hours and minutes 
^ lime). The entire majp covers an area of approximately 2.5 degrees by 
•* Agrees, while the ang&lar resolution of the telescope is approximately 50.". 

boundaries of material in the cloud are particularly prominent. 
These are likely due to shock waves which plausibly are 
compressing the ga§, and thus initiating the formation of new 
This type of large scale imaging with high angular 
rcv oiution is essenti&l for unraveling these complex processes 
wd can only be obtained with focal plane imaging systems. 



a reasonable cost. As a result of ongoing developments in 
optics, feed elements, and detectors, miUimeter-wavelength 
focal plane array imaging systems have matured to the point 
where systems employing tens to hundreds of elements have 
been developed and used in a wide variety of commercial 
and research applications. We have described both passive 
(radiometric) and active (reflected power) systems used for 
plasma diagnostics, where the frequency allows probing of 
ionized material in fusion reactors. Millimet er wave radiation 
propagates through clothing with relatively" Tow Ws7~and" 
images permit detection of concealed objects including plastic 
weapons and explosives, offering a valuable tool for airport 
security. Penetration of weather in conditions of poor visibility 
allows radiometric imaging of airports and identification of 
vehicles and other dangerous objects on runways in the context 
of an autonomous all-weather landing system. Unrivaled sen- 
sitivity to emission from molecules at very low temperatures 
make millimeter-wavelength images enormously valuable for 
understanding the structure of giant molecular clouds and star 
formation in the Milky Way Galaxy. 

The systems that have been utilized to date undoubtedly rep- 
resent the first generation of millimeter-wavelength cameras. 
With further improvements in feed design, it is likely that 
more complete and efficient sampling of the focal plane will 
become possible and improvements in sensitivity will result 
in millimeter-wave images of higher quality having increased 
fields of view and data rates. This capability will certainly 
lead to the effective employment of millimeter wave imaging 
systems in an expanded range of applications. 
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IX. Conclusions 
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unique characteristics of millimeter waves make this 
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